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Abstract Van Allen Probes observations are used to statistically investigate plasmaspheric hiss wave
properties. This analysis shows that the wave normal direction of plasmaspheric hiss is predominantly ﬁeld
aligned at larger L shells, with a bimodal distribution, consisting of a near-ﬁeld aligned and a highly oblique
component, becoming apparent at lower L shells. Investigation of this oblique population reveals that it
is most prevalent at L < 3, frequencies with f∕fce > 0.01 (or f > 700 Hz), low geomagnetic activity levels,
and between 1900 and 0900 magnetic local time. This structure is similar to that reported for oblique
chorus waves in the equatorial region, perhaps suggesting a causal link between the two wave modes.
Ray tracing results from HOTRAY conﬁrm that it is feasible for these oblique chorus waves to be a source
of the observed oblique plasmaspheric hiss population. The decrease in oblique plasmaspheric hiss
occurrence rates during more elevated geomagnetic activity levels may be attributed to the increase in
Landau resonant electrons causing oblique chorus waves to be more substantially damped outside of
the plasmasphere. In turn, this restricts the amount of wave power that can access the plasmasphere and
evolve into oblique plasmaspheric hiss. These results conﬁrm that, despite the diﬀerence in location of this
bimodal distribution compared to previous studies, a direct link between oblique equatorial chorus outside
of the plasmasphere and oblique hiss at low L shells is plausible. As such, these results are in keeping with
the existing theory of chorus as the source of plasmaspheric hiss.
1. Introduction
Plasmaspheric hiss is a whistler mode wave that is typically observed in the high-density regions of the plas-
masphere (e.g., Dunckel & Helliwell, 1969; Russell et al., 1969; Thorne et al., 1973) or in plasmaspheric plumes
(e.g., Chan & Holzer, 1976; Summers et al., 2008). Occurring at frequencies typically between 100 Hz and
∼5 kHz, plasmaspheric hiss may be observed during all geomagnetic conditions, but has shown to intensify
during periods of elevated geomagnetic activity (e.g., Meredith et al., 2004; Smith et al., 1974; Thorne et al.,
1974, 1977). Plasmaspheric hiss has been shown to play an important role in driving particle dynamics in the
inner magnetosphere, namely, pitch angle scattering of radiation belt electrons (e.g., Selesnick et al., 2003)
resulting in a net depletion as particles temporarily populate the bounce loss cone and are subsequently
lost to the atmosphere (e.g., Abel & Thorne, 1998). It is widely believed that this is the primary mechanism
for causing the slot region between the inner and outer radiation belts (e.g., Lyons & Thorne, 1973; Lyons
et al., 1972).
Several hypotheses havebeenproposeddetailing theorigins of plasmaspheric hiss. It has beendemonstrated
that ampliﬁcation of an “embryonic” sourcewithin the plasmasphere (e.g., Solomon et al., 1988) does not typ-
ically provide suﬃcient wave growth to account for observed plasmaspheric hiss wave intensities (Church &
Thorne, 1983; Huang et al., 1983). However, recent observations by Summers et al. (2014) have shown evi-
dence that plasmaspheric hiss can in some cases occur as coherent emission with a complex ﬁne structure
of discrete rising and falling tone elements, supported by subsequent analysis (Nakamura et al., 2016; Omura
et al., 2015) that the generation mechanism for plasmaspheric hiss could be explained by applying nonlin-
ear wave growth theory (typically used for whistler mode chorus waves) in the region close to the magnetic
equator just inside of the plasmapause. Lightning-generated whistlers developing into plasmaspheric hiss
after multiple magnetospheric reﬂections (e.g., Draganov et al., 1992) have been shown to play a role only
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Figure 1. Overview of Van Allen Probe A observations from 8 November
2013; (top to bottom) plasma density (blue) and L shell (red), electric ﬁeld
power spectral density, magnetic ﬁeld power spectral density, wave normal
angle, plasmaspheric hiss wave ﬂag (blue), and plasmaspheric hiss wave ﬂag
with additional planarity criterion (yellow).
for wave frequencies greater than ∼2 kHz (Meredith et al., 2006). Another
well-established theory is that plasmaspheric hiss originates fromwhistler
mode chorus waves penetrating into the plasmasphere at high latitudes
(e.g., Bortnik et al., 2008, 2009; Bortnik, Chen, Li, Thorne & Horne, 2011;
Bortnik, Chen, Li, Thorne, Meredith, et al., 2011; Chum & Santolik, 2005;
Li et al., 2015;Meredith et al., 2013; Santolík et al., 2006) from a source loca-
tion close to the equatorial plane at higher L shell. This mechanism has
been shown to be able to reproduce typical hiss wave power, frequency
range, and spatial structure (Chen et al., 2012, 2012a, 2012b).
In this study, a statistical analysis of the plasmaspheric hiss wave proper-
ties is performedover a rangeof diﬀerent L shellswithin theplasmasphere.
Previous studies have reported both an approximately ﬁeld-aligned, and
a highly oblique, population of plasmaspheric hiss waves only at larger L
shells within the plasmasphere (e.g., Hayakawa et al., 1986; Hayakawa &
Sazhin, 1992; Storey et al., 1991), with predominantly ﬁeld-aligned waves
observed at L shells between 3.6 and 4.2 (e.g., Santolík et al., 2001). These
results were consistent with the ray tracing simulations presented by
Bortnik, Chen, Li, Thorne, Meredith, et al. (2011). This study reports that
the population of more oblique plasmaspheric hiss waves is most preva-
lent at lower L shells, particularly L < 3. The properties of both the more
ﬁeld aligned and the more oblique wave populations are subsequently
investigated as a function of frequency, magnetic local time (MLT), geo-
magnetic activity, and L shell. In addition, the HOTRAY ray tracing model
(Horne, 1989) is used to oﬀer an explanation of the origin of this oblique
population of plasmaspheric hiss that is in keeping with current theory.
2. Instrument and Data Analysis
The Electric and Magnetic Field Instrument Suite and Integrated Science
(EMFISIS) waves instrument (Kletzing et al., 2013) on board the Van Allen
Probes twin satellite mission routinely collects survey measurements of
the wave electric and wave magnetic ﬁelds with a half-second collection
period occurring every 6 s. From this survey data, wave parameter sum-
maries are generated. These include information detailing the total power
of the wave electric and wave magnetic ﬁelds, the planarity and ellipticity
(Santolík et al., 2003), andpolarization (Santolík et al., 2002) of thewaves, in
addition to the wave normal angle determined via singular value decom-
position (SVD) (Santolík et al., 2003). It is these parameters from the Van
Allen Probes EMFISIS instrument, using all available data during the period
between 1 October 2012 and 30 April 2016, that are implemented in the
following analysis.
Prior to performing a statistical analysis on a speciﬁcwavemode (plasmas-
pheric hiss in this case), it is crucial to ensure that onlywaves of the desired
type are included, with other wave modes rejected. This may be done by
testing all observations against a rigorous selection criteria. In this study, for a wave to be identiﬁed as plas-
maspheric hiss, the following criteria must be satisﬁed: (1) The spacecraft must be inside of the plasmasphere
where the inner edge of the plasmapause is deﬁned by a 100 cm3 threshold, (2) The power spectral density
in both the electric and magnetic ﬁeld observations must be greater than 10 times the instrument back-
ground levels. (3) The degree of magnetic ﬁeld polarization in the polarization plane (Santolík et al., 2002)
and the ellipticity of the magnetic ﬁeld polarization (Santolík et al., 2003) must be greater than 0.5 (ensuring
that the wave polarization is coherent, near circular and right handed). This ellipticity criterion is imposed
in order to ensure that magnetosonic waves, which are typically close to linear in polarization, are excluded
from the statistical analysis. It is noted however that this does omit some cases of plasmaspheric hiss
with oblique wave normal angles that occur with near-linear polarization, particularly at lower frequencies.
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Relaxing this criterion to include waves with ellipticity values larger than 0.2 produces results extremely simi-
lar to thosepresented in this study, butwith ahigher chanceof including someequatorial noise in the analysis.
(4) The frequency range of the observed waves is between 100 Hz and 5 kHz. Additional data treatment
includes removing periods of spacecraft charging, eclipse, boom shadow, and noisy frequency bands at ∼2
and 4 kHz. It is noted that no correction is made to the electric ﬁeld observations in order to account for
antenna sheath impedance eﬀects (e.g., Hartley et al., 2015, 2016, 2017).
Figure 1 provides an overview of wave observations from Van Allen Probe A on 8 November 2013, displaying
(top to bottom) L shell (red) and plasma density (blue) determined from the upper hybrid line (Kurth et al.,
2015), the total power of the wave electric, and wave magnetic, ﬁeld where observations exceed 10 times
instrument background levels, the wave normal angle, in addition to an indicator of the times and frequen-
cies where the criteria for classifying the observed waves as plasmaspheric hiss are met (blue). However, in
order to performa statistical analysis on thewave normal directions, an additional deﬁning criterionmust also
be imposed.
3. Planarity Limitation
Thewave planarity (Santolík et al., 2003) is derived from the ratio of the smallest axis of the 3-Dmagnetic ﬁeld
polarization ellipsoid to its largest axis, therefore providing information as to the accuracy of the plane wave
approximation. The planarity is obtained by subtracting this ratio fromone; therefore, values near unity imply
that the planewave approximation is valid, and valuesmuch less than unity indicate that a signiﬁcant fraction
of the wave power exists outside of the polarization plane. If only a single plane wave is present, the planarity
will be exactly one. In order to perform a statistical analysis on the wave normal angles of plasmaspheric hiss,
it is crucial to impose a lower limit on the planarity of the waves included. This is due to the fact that the SVD
method of determining wave normal directions is reliant on the plane wave approximation (assumption of a
single plane wave). While SVD has been shown to provide reasonable results when the planarity is somewhat
less than unity, this technique does not provide valid outputs in cases where the plane wave approximation
breaks down (planarity≪ 1), yet an answer is provided regardless. It is therefore important to apply a planarity
ﬁlter in order to ensure the validity of the technique, and therefore the validity of the results. Unfortunately,
the planarity of plasmaspheric hiss can often be low (waves are broadband and incoherent), and as such,
imposing a lower limit on the planarity can place limitations on the amount of data included in a statistical
study. Here we impose a lower limit on the planarity of plasmaspheric hiss of 0.5, allowing for no more than
25% of power out of the polarization plane with respect to the power of the largest axis of the 3-D magnetic
ﬁeld polarization ellipsoid (w1∕w3 < 0.25), where w1, w2, and w3 are the three singular values output from
the SVD analysis ordered into an ascending series. The percentage of the total power permitted outside of
the polarization plane, 100% ×w1∕(w1 + w2 + w3), also depends on the wave ellipticity, since this provides
information on the relationship between w2 and w3. A general expression for the percentage of total power
outside of the polarization plane is 100%/([(1 + Lp)∕(1 − F)2] + 1); where Lp is ellipticity = w2∕w3, and F
is planarity = 1 −
√
w1∕w3. It should be noted that this expression is not valid for all Lp and F values, since
some Lp values are not permitted for given values of F, and vice versa. Given the threshold values used in
this study, Lp> 0.5, F> 0.5, this gives a maximum of 14% of total power outside of the polarization plane
w1∕(w1 + w2 + w3) < 0.14.
Figure 2 (left) shows the percentage of data included in this study after this criterion is imposed as a func-
tion of frequency. Note that this comparison is done after all other selection criteria have been imposed. At
frequencies around 100 Hz, the planarity is greater than 0.5 in more than 50% of the cases. This reduces to
around 40%between∼400Hz and 2 kHz before increasing back to above 50%at higher frequencies. For com-
pleteness, the probability distribution function (PDF) (normalized occurrences in each frequency channel) of
thewave planarity at each frequency is also shown in Figure 2 (right), with the lower planarity threshold of 0.5
indicated by the thick black line. The gaps at speciﬁc frequencies are due to the removal of frequency band
with elevated noise levels. Figure 1 (bottom) shows how this additional criterion aﬀects the classiﬁcation of
plasmaspheric hiss waves on 8November 2013. Also provided in Figure 2 (bottom) is a table detailing the per-
centage of the total power permitted outside of the polarization plane for diﬀerent planarity and ellipticity
thresholds, with the thresholds used in this study highlighted in yellow.
It must be noted that the SVD method (as well as all other methods that assume the presence of a single
plane wave) may often give false results for plasmaspheric hiss because its wave ﬁeld is complex, with wave
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Figure 2. (left) The percentage of waves identiﬁed as plasmaspheric hiss that meet the planarity > 0.5 threshold
employed in this study. (right) Probability distribution function of the planarity of waves identiﬁed as plasmaspheric
hiss, with the lower planarity threshold of 0.5 shown by the vertical black line. (bottom) Table detailing the maximum
percentage of the total power permitted outside of the polarization plane for diﬀerent planarity and ellipticity
thresholds.
power spread in large theta intervals. This is highlighted by the fraction of cases where the planarity criterion
is met in our study (Figure 2). The relationship between planarity andwave normal angle has also been inves-
tigated. In general, higher planarity values are observed for either near ﬁeld-aligned or highly oblique waves.
For wave normal angles in-between (∼10∘ to ∼60∘), lower planarity values are typically obtained (ﬁgure not
shown). For these cases, both near ﬁeld-aligned and oblique wave vectors may be present at the same time,
with SVD wave normal angle estimates yielding a weighted average of this more complex wave ﬁeld. In plac-
ing a lower bound on the planarity, the impact that wave power from outside of the polarization plane can
have on the weighted average of the wave normal angle determined through SVD can be minimized. For
the low-planarity cases, wave distribution function (WDF) methods would be required in order to resolve
the more complex wave ﬁeld which may consist of a superposition of a distribution of diﬀerent plane waves
at the same frequency and time instance. WDF methods have been used to investigate plasmaspheric hiss
(e.g., Santolík et al., 2001)with results showing that hiss oftenpropagatesparallel andantiparallel to theEarth’s
magnetic ﬁeld, albeit with some power found at highly inclined wave normal directions, near the Gendrin
angle. In order to keep the results of this study in context, it should be kept in mind during the subsequent
analysis that only the subpopulation of plasmaspheric hiss waves that meet this planarity criterion can be
studied using SVDmethods.
It should also be noted that the lower planarity thresholds that have been employed in other studies give rise
to the potential for nonphysical wave normal angles (determined assuming the presence of a single plane
wave) to dominate statistical results, particularly given the occurrence rates of plasmaspheric hiss with low
planarity as shown in Figure 2.
4. Statistical Results and Discussion
Having correctly isolated plasmaspheric hiss waves with well-deﬁned wave normal directions, it is now
possible to investigate this comprehensive data set.
Initially, the distribution of plasmaspheric hiss wave normal angles is investigated as a function of L shell and
frequency. Figure 3 displays plasmaspheric hiss PDFs (number of occurrences normalized to the total number
of occurrences for each frequency channel, where an occurrence is deﬁned as any time instant, from the 6 s
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Figure 3. Probability distribution functions of the wave normal angle as a function of frequency in 0.5 L shell intervals from 1.5 to 5.5.
survey observations, where a wave is identiﬁed as hiss) for intervals of 0.5 in L shell ranging from 1.5 to 5.5. At
lower L shell intervals, two distinct populations of plasmaspheric hiss are observable; one that ismore aligned
with the backgroundmagnetic ﬁeld direction (referred to as the primary population hereafter), and one with
moreobliquewavenormaldirections (referred toas the secondarypopulationhereafter). In contrast, at higher
L shells this secondary population is no longer apparent with the wave normal angle predominantly ﬁeld
aligned. It is also apparent that the primary wave population spans the entire plasmaspheric hiss frequency
range (100 Hz to 5 kHz), whereas the secondary population is only really apparent at frequencies greater
than 700 Hz.
The distribution of plasmaspheric hiss waves is investigated at L shells less than 3.0 in order to better
parameterize these two distinct populations. Figure 4 shows the number of occurrences, N, the probability
distribution function, PDF, the cumulative power spectral density of the electric ﬁeld, E (V2 m−2 Hz−1), and the
cumulative power spectral density of the magnetic ﬁeld, B (nT2 Hz−1), as a function of frequency and wave
normal angle for L shells less than 3.0. Cumulative power spectral densities are deﬁned as the power spectral
density binned in intervals of frequency andwave normal angle before being summed over all time instances
where waves are identiﬁed as plasmaspheric hiss. Note that this ﬁgure is in the same format as presented for
choruswaves in Li et al. (2016) in order to permit simple comparisons. The two-population structure is evident
in both the plot showing the number of occurrences and the plot showing the PDF. The primary population
occurs at wave normal angles less than∼50–60∘ and the secondary population occurs at wave normal angles
greater than ∼70∘. Waves in the primary population are shown to contain signiﬁcant power in both the elec-
tric and magnetic ﬁelds, whereas waves in the secondary population contain a stronger electric ﬁeld and a
weaker magnetic ﬁeld. This result is similar to that presented for chorus waves by Li et al. (2016), with the pri-
mary population being quasi-parallel and the secondary oblique population being quasi-electrostatic, as is
typical for whistler mode emissions.
While the statistical results presented in Figure 4 provide some insight into these twopopulations, someques-
tions remain: Do the propagation angles of the more oblique waves relate to the Gendrin angle (Gendrin,
1961) or the resonance cone angle? Are there speciﬁc locations in MLT or speciﬁc geomagnetic activity levels
that cause these more oblique waves to occur? In order to address these questions, Figure 4 is reproduced as
a function of frequency normalized to the value of the local electron cyclotron frequency (f∕fce). This allows
for both the Gendrin angle (cos 𝜃G = (2f∕fce)) and the high-density approximation of the resonance cone
angle (cos 𝜃res = f∕fce) to be easily overplotted. This is shown in Figure 5 with the solid black line representing
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Figure 4. Number of occurrences, N, probability distribution function, PDF, cumulative electric ﬁeld power spectral
density, E (V2 m−2 Hz−1), and the cumulative magnetic ﬁeld power spectral density, B (nT2 Hz−1), as a function of
frequency and wave normal angle for L shells less than 3.0.
Figure 5. Number of occurrences, N, probability distribution function, PDF, cumulative electric ﬁeld power spectral
density, E (V2 m−2 Hz−1), and the cumulative magnetic ﬁeld power spectral density, B (nT2 Hz−1), as a function of
frequency normalized to the electron cyclotron frequency and wave normal angle for L shells less than 3.0. The
resonance cone angle (solid), Gendrin angle (dash-dotted), and separation angles employed in this study (dashed)
are overplotted in black.
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Figure 6. Median (left) magnetic (nT2 Hz−1) and (right) electric (V2 m−2 Hz−1) ﬁeld power spectra of the primary (blue)
and secondary (red) plasmaspheric hiss wave populations as a function of f/fce (top) and frequency (bottom).
the resonance cone angle and the dash-dotted line representing the Gendrin angle. Showing the data in
this way reveals that the secondary population occurs relatively close to the Gendrin angle, a feature that is
particularly apparent in the panel showing the PDF. However, across the majority of the frequency range of
plasmaspheric hiss, there is very little diﬀerence between the Gendrin angle and the resonance cone angle,
making it diﬃcult to establish if these obliquely propagatingwaves are particularlywell associatedwith either
angle. It should also be noted again that the primary wave population spans the entire plasmaspheric hiss
frequency range, whereas the secondary wave population only occurs at frequencies with f∕fce greater than
0.01 (compared to >700 Hz when plotted as a function of frequency).
Before performing in-depth comparisons of the two wave populations, it is necessary to generate criteria to
separate them. Through simple visual inspection, it is apparent that the secondary wave population is rela-
tively well contained within 20∘ of the resonance cone angle (𝜃res − 20∘ < 𝜃k < 𝜃res), whereas the primary
wave population is typically conﬁned to smaller angles that are greater than 30∘ away from the resonance
cone angle (𝜃k < 𝜃res − 30∘). These two separation angles of 𝜃res − 30∘ and 𝜃res − 20∘ are shown by the dashed
black lines in Figure 5. This criterion is used to distinguish between the two diﬀerent wave populations in the
subsequent analysis.
Initially, the electric and magnetic ﬁeld wave power spectra are directly compared for the two plasmas-
pheric hiss wave populations. Figure 6 shows the median power spectral density of the magnetic (left) and
electric (right) ﬁelds as a function of frequency normalized to the local cyclotron frequency, f∕fce, (top) and
frequency (bottom) for both the primary wave population (blue) and the secondary wave population (red).
Note that some slightly noisy frequency bands remain visible in the electric ﬁeld data when plotted as a
function of frequency. For the magnetic ﬁeld power spectra, both populations exhibit a similar shape, albeit
with the magnitude of the secondary wave population lower than that of the primary population. Both pop-
ulations exhibit a peak in their power spectra between 0.003 and 0.004f∕fce (around 100 Hz in frequency),
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Figure 7. Number of occurrences, N, and probability distribution function, PDF, as a function of normalized frequency and wave normal angle at L < 3.0 for three
diﬀerent geomagnetic activity levels.
with their power spectral densities reducing at higher frequencies. In comparison, the primary and secondary
wave populations display diﬀerently shaped electric ﬁeld power spectra. The primary wave population peaks
between 0.003 and 0.004f∕fce, similar to themagnetic ﬁeld, before reducingwith increasing frequency. There
is, perhaps, a hint at a secondary peak around 0.004f∕fce, but this appears more as a temporary ﬂattening
of the distribution before reducing further at higher frequencies. This is likely caused by the noisy frequency
bands that occur close to ∼2 and 4 kHz. For the secondary wave population, a double peak is certainly evi-
dent with local maxima in power spectral density occurring at 0.003–0.004f∕fce and 0.04–0.05f∕fce that are
approximately equal in magnitude. At frequencies with f∕fce less than 0.01 (or 700 Hz in frequency) the mag-
nitude of the electric ﬁeld power spectral density is greater for the primary wave population. Conversely, at
frequencies with f∕fce greater than 0.01 (or 700 Hz in frequency) the magnitude of the electric ﬁeld power
spectral density is greater for the secondary wave population.
Having identiﬁed diﬀerences in the electric and magnetic ﬁeld power spectra of the primary and secondary
plasmaspheric hisswave populations, these twopopulations are further investigated as a function ofMLT and
geomagnetic activity.
Figure 7 displays the number of occurrences,N, and the probability distribution function, PDF, as a function of
normalized frequency andwave normal angle for L shells less than 3.0 for three diﬀerent geomagnetic activity
levels as indicated by the AE* index (highest recorded AE index in the preceding 3 h period). These geomag-
netic activity levels are deﬁned as low activity (AE*< 100 nT), moderate activity (100 nT < AE* < 300 nT), and
high activity (AE*> 300 nT). As with Figure 5, the resonance cone angle, the Gendrin angle, as well as the two
separation angles used in this study are shown by black solid, dash-dotted, and dashed lines, respectively.
Showingdata in thiswayallows for theoccurrence ratesof theprimary and secondaryplasmaspheric hisspop-
ulations to be easily compared against each other and to observe their relative variability as a function of geo-
magnetic activity. It is apparent fromFigure 7 that thehighest probability of observingwaves in the secondary
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Figure 8. Normalized occurrence rates of the primary (top) and secondary (bottom) plasmaspheric hiss wave populations as a function of geomagnetic activity,
magnetic local time, and L shell.
population occurs during low geomagnetic activity, with the likelihood of observing waves from the sec-
ondary population decreasing with increasing geomagnetic activity as the primary population becomes
more dominant.
Figure 8 shows theMLT and L shell variation of the normalized occurrence rates of the primary and secondary
wave populations for normalized frequencies with f∕fce greater than 0.01, for three diﬀerent geomagnetic
activity levels as indicated by the AE* index. It should be noted that using a lower-frequency bound of 700 Hz,
instead of 0.01f∕fce, produces nearly identical ﬁgures. It should also be noted that using the lower hybrid
frequencynormalized to the electron cyclotron frequency (fLH∕fce ∼ 0.023) couldbeused as aphysical param-
eter to delineate observations (since this frequency dictates the boundary between where the resonance
cone angle does and does not exist). However, it can be seen in Figure 5 that a substantial part of the oblique
population does exist below this frequency boundary, as such, 0.01f∕fce is used hereafter. From Figure 8, it
is again evident that the highest probability of observing waves in the secondary population occurs dur-
ing low geomagnetic activity and decreases as geomagnetic activity increases. It is also apparent that it is
not just the occurrence rates that decrease with increasing geomagnetic activity but also the range of mag-
netic local timeswhere obliquewaves are observed. During low geomagnetic activity, oblique plasmaspheric
hiss waves are observed at low L shells between ∼19:00 and ∼9:00 MLT with typical occurrence rates in this
region of ∼40%. The size of this region reduces slightly during moderate geomagnetic activity, with occur-
rence rates decreasing somewhat between ∼19:00 and ∼21:00 MLT. During high geomagnetic activity, the
region of oblique plasmaspheric hiss waves is smaller still, typically conﬁned between∼19:00 and∼5:00 MLT.
These results diﬀer from those of Yu et al. (2017) who reported that the wave normal angle of plasmaspheric
hiss in most regions did not depend strongly on substorm activity. The exception to this was an increase
in wave normal angles in the nightside at low L shells during more intense substorm activity. However, it
should be noted that this study used a lower planarity threshold than is employed in the current study (0.2 as
opposed to 0.5) to deﬁne plasmaspheric hiss. This may, in some cases, give rise to the potential for including
nonphysical wave normal angles (determined via SVD) as discussed in section 3.
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The variation of oblique plasmaspheric hiss wave occurrence rates with MLT (Figure 8) appears remarkably
similar to the structure observed for oblique chorus waves by Li et al. (2016), although notably at diﬀerent
L shell ranges. This, perhaps, suggests a causal link between the two obliquely propagating wave modes. It
has been noted by numerous authors (e.g., Bortnik et al., 2008, 2009; Chum & Santolik, 2005; Li et al., 2015;
Meredith et al., 2013; Santolík et al., 2006) that chorus waves can penetrate into the plasmasphere and evolve
into plasmaspheric hiss. A ray tracing simulation study performedby Bortnik, Chen, Li, Thorne,Meredith, et al.,
(2011) reported a bimodal distribution of wave normal angles, containing a more ﬁeld-aligned and a highly
oblique component, particularly at larger L shells close to the plasmapause. However, with the new results
indicating that a bimodal distribution of wave normal angles is apparent only deep inside of the plasmas-
phere, we perform a preliminary investigation to see whether the occurrence of oblique hiss at low L shells is
in keeping with the existing theory of chorus as the source of plasmaspheric hiss.
5. Ray Tracing (HOTRAY)
In order to test the plausibility of oblique chorus waves entering the plasmasphere and evolving into oblique
plasmaspheric hiss at low L shells, the HOTRAY (Horne, 1989) ray tracing program is implemented. To fully
assess the gain/damping rates along the wave trajectories, it is required tomodel particle distributions based
on spacecraft observations, allowing for the suprathermal electron distribution to be quantiﬁed. However, we
initially implement a cold plasma density model in order to provide a test of the plausibility of oblique chorus
waves entering the plasmasphere and evolving into oblique plasmaspheric hiss. While path-integrated gains
are not explicitly calculated for this initial test of plausibility, it may be assumed that waves with larger wave
normal angles are generally shorter lived than waves with more parallel wave normal directions in similar
plasma mediums.
It has been shown (e.g., Bortnik et al., 2008, 2009; Bortnik, Chen, Li, Thorne & Horne, 2011; Bortnik, Chen,
Li, Thorne, Meredith, et al., 2011; Chen et al., 2012, 2012a, 2012b) that chorus waves with initial wave nor-
mal angles ∼40–65∘ launched at L = 6 in the equatorial plane can gain access to the plasmasphere. Such
waves typically experience damping outside of the plasmasphere, but once inside the plasmasphere the
Landau damping rates are much weaker due to the diﬀerence in the suprathermal electron distribution
(e.g., Li et al., 2010). It is noted that the following ray tracing simulations are by nomeans exhaustive. Previous
works have shown the propagation of chorus waves into the plasmasphere and subsequent evolution into
plasmaspheric hiss, withmore comprehensive ray tracing simulations by varying initial angle of propagation,
source location, and wave frequency. These studies (Bortnik, Chen, Li, Thorne, & Horne, 2011; Bortnik, Chen,
Li, Thorne, Meredith, et al., 2011; Bortnik et al., 2016; Chen et al., 2012, 2012a, 2012b) were able to reproduce
a wave power, frequency range, and spatial structure consistent with previous observational results. That is, a
ﬁeld-aligned population over a broad range of L shells, with an oblique component apparent only in the outer
plasmasphere (bimodal distribution). However, the statistical results presented here provide a contrasting
picture, with the oblique population of plasmaspheric hiss apparent only in the inner plasmasphere, partic-
ularly inside L = 3. The ray tracing results presented here are intended as an initial test to see whether the
occurrence of oblique hiss at low L shells is in keeping with the existing theory of chorus as the source of
plasmaspheric hiss.
Figure 9 shows an example ray, launched in the equatorial plane at 6 RE with an initial wave normal angle of
−54∘ and a frequency of∼1 kHz (0.25 f∕fce at 6 RE ) with colors used to highlight the temporal evolution. Also
shown is themodeled equatorial density proﬁle (diﬀusive equilibrium), thewave normal angle (with the reso-
nance cone shaded in gray), the L shell at each point that thewave trajectory crosses the equatorial plane, the
latitude of thewave trajectory, and thewave frequency normalized to the value of the local electron cyclotron
frequency. The wave normal angle of this wave decreases to zero as it propagates to high latitudes outside
of the plasmasphere (consistent with experimental results of Santolík et al., 2014). The wave then enters the
plasmasphere close to the Earth at high latitude before performing multiple magnetospheric reﬂections as
it propagates outward to higher L. Once the wave reaches a certain radial distance (∼3.5 RE in this case), it
remains approximately ﬁxed at the same L shell for many traversals. Crucial to the analysis presented here,
the wave normal angle remains very oblique (close to the resonance cone) once the wave is inside of the
plasmasphere. Following the assumption that waves with large wave normal angles would damp away, it is
assumed that the power of such a wave would steadily decrease over the ray path once it has entered the
plasmasphere. The result of this would be that waves of this type would be most readily observed at low L
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Figure 9. Trajectory of a ray launched at 6 RE , 𝜃 = −54∘ , and f = 0.25f∕fce (∼1 kHz). The modeled equatorial density proﬁle, evolution of the wave normal angle,
the L shell at each crossing of the equatorial plane, the latitude of the wave trajectory, and the normalized wave frequency are also shown.
shells and as the wave propagates outward in L and damps away, the wave power would drop below the 10
times background levels threshold employed in this study. It is noted that the initial wave frequency andwave
normal direction are consistent with oblique lower band chorus waves in their equatorial generation region
outside of the plasmasphere. Furthermore, once the wave is inside of the plasmasphere, the wave frequency
is between 0.01 and 0.05 f∕fce, which is consistent with the frequency range where oblique hiss waves are
observed in the Van Allen Probes data as shown in Figure 5.
With initial ray tracing results demonstrating that it is plausible for oblique chorus to propagate into the
plasmasphere and be observed as oblique plasmaspheric hiss at low L shells, we now perform a more
detailed ray tracing analysis usingmultiple rays with explicitly calculated damping rates. In order to calculate
growth/damping rates, we implement a modeled suprathermal electron distribution (100 eV to a few keV)
derived from measurements from the Time History of Events and Macroscale Interactions during Substorms
(THEMIS) spacecraft (varying with L, MLT, and geomagnetic activity) in addition to the cold electron density
model (details may be found in Chen et al., 2012a, 2012b).
First, a full range of wave normal angles (0∘ to −90∘) is traced with a relatively coarse initial wave normal
angle grid (2∘ intervals). The wave frequency is set to 1 kHz, with the launch position located in the equa-
torial plane at 6 RE and MLT = 4 (where oblique hiss is frequently observed in the statistical results). From
this preliminary ray tracing, a subset of wave normal angles that gain access to the plasmasphere under the
simulated conditions is obtained. This allows for both the range of, and interval between, initial wave nor-
mal angles to be reduced (smaller, ﬁner grid), and for us to really focus on the waves that gain access to the
plasmasphere. Figure 10 (top) shows the propagation of this subset of waves with initial wave normal angles
varying from −40∘ (blue) to −60∘ (red) in intervals of 0.5∘. Also shown is the path-integrated gain/damping
(middle) and thewavenormal angle evolution (bottom)of eachwave trajectory. Each columnof the ﬁguredis-
plays these parameters for a diﬀerent level of geomagnetic activity; low activity (AE*< 100 nT, left), moderate
activity (100 nT < AE* < 300 nT, middle), and high activity (AE* >300 nT, right). Waves that drop below
a path-integrated damping threshold of −30 dB are considered to be fully damped and are no longer
traced. It is evident from this ﬁgure that damping rates outside of the plasmasphere increase with increasing
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Figure 10. Ray trajectories (top), path-integrated gain/damping (middle), and wave normal angle evolution (bottom) of 1 kHz waves, launched at 6 RE and
MLT = 4 with initial wave normal angles varying from −40∘ (blue) to −60∘ (red) in intervals of 0.5∘ for low (left), moderate (middle), and high (right) geomagnetic
activity levels as indicated by AE*.
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geomagnetic activity, with many ray paths entering the plasmasphere with suﬃcient power during low geo-
magnetic activity and no rays with suﬃcient power entering the plasmasphere during the highest levels of
geomagnetic activity. This is due to the increase in low-energy Landau resonant electrons associated with an
elevated AE* index (which is a proxy for substorm activity) leading to stronger Landau damping outside of
the plasmasphere. Hence, due to increased Landau damping during elevated activity, fewer waves are able
to penetrate into the plasmasphere and be observed as oblique plasmaspheric hiss at low L shells, a picture
consistent with the structure observed in the statistics from Van Allen Probes in Figures 7 and 8. Another key
feature is that of the waves that do propagate into the plasmasphere, it is the waves with initial wave normal
angles between −45∘ and −50∘ (least oblique of the waves that enter the plasmasphere) that propagate to
the lowest L shells, become highly oblique, and actually experience the slowest damping rates. This is per-
haps most apparent (due to the limited number of rays) for the wave path highlighted by the pink arrow in
Figure 10 (but is also apparent for low geomagnetic activity with even slower damping rates). This is again
consistent with the result that oblique plasmaspheric hiss, caused by oblique chorus, would be most readily
observed at low L shells with the wave power likely to drop below the 10 times instrument background levels
threshold employed in this study as the wave propagates outward to higher L.
It isworthnoting that ray tracing results can vary signiﬁcantly dependingon the source locationof theoblique
chorus waves, the implementation of diﬀerent density proﬁles and structures, or by varying the suprather-
mal electron distribution with geomagnetic activity (as shown in Figure 10). However, under the conditions
presented in this study, it has been demonstrated that this picture of initially oblique chorus waves propagat-
ing quasi-parallel at higher latitudes, penetrating into the plasmasphere and creating oblique plasmaspheric
hiss at low L shells, particularly during low geomagnetic activity, is both plausible and consistent with what is
observed statistically in the Van Allen Probes observations.
The ray tracing results presented here demonstrate that it is feasible for initially oblique equatorial chorus to
propagate into the plasmasphere and be observedwith signiﬁcant power as oblique hiss in the inner plasma-
sphere (gain >−30 dB). As such, the occurrence of oblique hiss at low L shells is in keeping with the existing
theory of chorus as the source of plasmaspheric hiss (both ﬁeld-aligned and oblique). These ray tracing results
provide an initial test of plausibility only. In order to establish if ray tracing simulations can fully reproduce
the new statistical results from the Van Allen Probes of oblique hiss at low L shells (rather than in the outer
plasmasphere as reported in previous studies), a more thorough and complete ray tracing study would be
required. This is beyond the scope of the current analysis.
6. Conclusions
This study has evaluated the wave normal distribution of plasmaspheric hiss waves using observations from
the Van Allen Probes satellite mission. It has been found that two populations of plasmaspheric hiss exist;
a primary approximately ﬁeld-aligned population, and a secondary more oblique population that is most
prevalent inside L = 3. This is in contrast to the results of previous studiesof ISEE-1,GEOS-2, andPolar PWIdata,
which used the WDF method to show that oblique plasmaspheric hiss was observed only at larger L shells
within the plasmasphere (e.g., Hayakawa et al., 1986; Hayakawa& Sazhin, 1992; Storey et al., 1991) but in some
cases was predominantly ﬁeld aligned at L shells between 3.6 and 4.2 (e.g., Santolík et al., 2001). Investigation
of the secondary oblique population of plasmaspheric hiss reveals thatwaves in thismode occurmore readily
during low geomagnetic activity, with occurrence rates generally decreasing with increasing activity.
The results of this study indicate that inside L = 3.0 the primary wave population spans the entire plasma-
spheric hiss frequency range (100 Hz to 5 kHz), while the secondary population only exists at frequencies
with f∕fce greater than 0.01, or f > 700 Hz. At these frequencies, the secondary population possesses weaker
magnetic ﬁeld power spectral density and stronger electric ﬁeld power spectral density in comparison to the
primary wave population. This is consistent with what one would expect for larger wave normal angles close
to the resonance cone.
The oblique secondary wave population is generally conﬁned between 19:00 and 9:00 MLT, a structure that
is similar to that observed for obliquely propagating chorus waves in the equatorial region (Li et al., 2016),
although at markedly diﬀerent L shells. This suggests a causal link between obliquely propagating equatorial
chorus and obliquely propagating plasmaspheric hiss waves at low L shells (in keeping with existing theory
of chorus as the source of both ﬁeld-aligned and oblique plasmaspheric hiss). The plausibility of this link has
been tested using theHOTRAY ray tracing code,with results indicating that it is indeed viable for choruswaves
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generated at oblique angles to become ﬁeld aligned at high latitudes before entering the plasmasphere to be
observed as oblique plasmaspheric hiss at low L shells. This explanation is also compatible with the observed
variation of the oblique secondary plasmaspheric hiss population with geomagnetic activity. An increase in
Landau resonant electrons, typically associated with elevated substorm activity, cause chorus waves to be
more substantially damped outside of the plasmasphere, hence stunting the amount of chorus wave power
that can access the plasmasphere and evolve into oblique plasmaspheric hiss. As such, the theory of chorus as
the source of plasmaspheric hiss remains plausible despite the discrepancies between previous observational
results (bimodal wave normal angle distribution only apparent in the outer plasmasphere) and the statisti-
cal results from the Van Allen Probes presented in this study (bimodal wave normal angle distribution only
apparent deep inside of the plasmasphere).
These new results highlight the variable distribution in both power spectral density and wave normal angle
of two discrete plasmaspheric hiss wave modes. These factors must be considered in future studies if we
are to gain a more complete understanding of the impact of particle interactions with plasmaspheric hiss,
particularity obliquely propagating plasmaspheric hisswith a strong electric ﬁeld signature (e.g., Albert, 2017;
Mourenas et al., 2014).
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